Based on experimental observations, some of which were carried in our laboratory, a simple computer simulation model or a simulator to predict the spatiotemporal behavior of bubbles in freely bubbling three-dimensional gasfluidized beds of Group B particles is developed. In this simulator a few criteria have superseded the more sophisticated models for the treatment of interaction and coalescence of bubbles and hence it requires less computational effort. For both laboratory-and large-scale fluidized beds the spatial distribution of bubble diameter as well as that of bubble frequency at any level above the distributor and at various superficial gas velocities were satisfactorily estimated from qualitative and quantitative standpoints. The operation of the simulator was extended to predict the distribution of the fluidizing gas between the continuous and discontinuous phases and the change of coalescence frequency with the height above the distributor. Good agreement with related data reported in the literature was obtained as well.
Introduction
Simulation is the art by which a computer-aided examination can be performed for countless applications. For the simulation of a system its features are represented by a model. In the model there are always some parameters. Their values can be determined either by corresponding experimental studies or by theoretical analyses but they must ultimately be evaluated by experimental observations. The simulation can be extended to verify the effect of some parameters on the behavior of the system and/or to predict the behavior of some properties that are difficult to measureexperimentally.
It is already accepted that the global behavior of fluidized beds is mainly influenced by the spatiotemporal behavior of the bubble phase. For simulating the behavior of a freely bubbling fluidized bed, computer simulation models or simulators had been de-veloped. 4'12'16'17) Based on the assumptions given by Clift and Grace,2) Nguyen et al. 17 ) introduced a simulation model in which the effect of each bubble on all other bubbles was considered. Farrokhalaee et al. 4 ) simplified the approach used by Nguyen et al.17) and the bubbles were assumed to grow as they rose at a constant rate and also by coalescence. Horio et al., 12) based on the treatment given by Clift and Grace,3) which is more general than their previous one,2) developed a simulation model in which the mutual effect between the lower and the upper bubbles was also considered. All these models are based on the effect of bubble interaction on the movement of bubbles.
Recently, Mori et al. 16 ) introduced a steady-state model to simulate the time-averaged spatial distribution of bubbles. However, these reports did not give the actual spatial distribution of bubble size or that of bubble frequency, although their actual distribution gives insightful understanding of the behavior of the bed. The prediction of bubble behavior is the first stage of the more general case for the prediction of the performance of fluidized-bed reactors. All the previously mentioned models are difficult to extend to reactor modelling, as it includes a set of equations, simple or not, that have to be solved. Also, the numerical manipulation is a time consumer. From this viewpoint, a simpler model will be appreciated, especially when it can approximate the observed spatiotemporal behavior of bubbles. Then it can easily be extended to the reaction case. In this paper a simple computer simulation model that can predict the spatiotemporal bubble behavior in laboratoryand large-scale freely bubbling fluidized beds is introduced. Figure 1 shows a flow chart of the simulator. The main subroutines are outlined in the following subsections. Meanwhile, the simulator was programed by TIT (The Intelligen T)13) and executed by the microcomputor PC 9801-F2 (NEC, 128K bytes RAM).
Simulator Basis and Structure

Initialization
In this subroutine the operating conditions are
given to the computer. Then thejet height hp equivalent bubble diameter DBi and frequency fBi for successive initial bubble generation in the whole bed can be calculated.
It is already known that the initial bubbles are generated at a distance above the distributor plate.
For a perforated plate this distance is the jet height, which depends on the manner in which gas is distributed. The equivalent bubble diameter and the jet height are calculated by the equations proposed by Khattab and Ishida.15) The equivalent bubble diameter is then converted to the diameter of a realistic cap-shaped bubble with DB= \.5DB, on volume basis. The frequency of the initial bubble is calculated from the equation fBi =A(U0 -KiUmf)/ VBi (1) where Kt is the leakage factor at thejet region, whose value is specified by the user. Grace and Clift7) summarized most of the studies in which the visible bubble flow rate was directly measured or estimated. The value of Kt was found to be larger than unity, especially in the jet region.1548 '21) This was also confirmed by direct measurement of the interstitial gas velocity.14) However, the value of the leakage factor differs from system to system and within the system itself.7) To ascertain a value ofKt is difficult as it depends on manyfactors. neglected the leakage and assumed the application of the simple two-phase theory. The consideration of leakage is quite important.
Otherwise we cannot simulate the bubble frequency nor its change with height above the distributor. The leakage may also have an important role in reactor simulation, because quite a lot of gas goes to the emulsion phase at the bottom of the bed, where good contact between gas and solid is achieved.
The time interval Ati between the formation of two successive initial bubbles is calculated as \\fm. In the operation of the simulation a time increment At was chosen as aAtt, where a is an integer, so that the initial bubble will rise about one-fifth of its equivalent diameter in this time increment. Multiplication by a is just to decrease the execution time, and it was confirmed that this has no effect on the data to be predicted. Therefore, a number of bubbles equal to a will be generated simultaneously at the beginning of each time increment.
Bubble generation
The bubbles are generated from the holes of the distributor randomly at a certain height specified by the jet height. normal bubble is a bubble-cap shaped one, while the accelerated bubble is an elongated one with aspect ratio larger than unity and the slug is a bubble which covers the bed diameter. The average of the bubble rising velocity coefficients kB for these kinds were found to be 0.71, 2 and 0.35 respectively. Consequently a flag is introduced to identify the shape of the bubbles in the data buffer. Here, a coefficient of 0.75 is taken for normal bubbles, half that value for slugs and double it for accelerated bubbles. The new height of a bubble is given by the equation
The intersection of the bubbles with the wall of the bed is checked by a sub-subroutine. Bubbles are shifted toward the axis of the bed until their surfaces touch the inner surface of the wall. Although this assumption seems to affect the bubble behavior, our examination showed that the bimodal behavior of bubble diameter and frequency discussed in section 2 can be obtained without this assumption. However, based on the experimental observation presented in a previous paper10) weset this assumption.
Bubble order and bubble eruption
Since the coalescence between bubbles takes place and rising velocities of bubbles change with the increase in their diameters^the data of bubbles in the data buffer must be renewed and rearranged according to their heights at the end of each time increment.
Meanwhile, bubble data are printed out as the bubble's center passes a level at which the behavior of the bubbles has to be determined. The data of a bubble are erased from the data buffer as its center passes the bed level.
Interaction and coalescence of bubbles
Interaction between an isolated pair of bubbles has been studied theoretically and experimentally,2'3 '20) and was also observed in a freely bubbling bed. where Z is the vertical distance between the centers of the upper and lower bubbles. For non-vertically aligned bubbles, shown in Fig. 2(b) , a critical horizontal distance Xc is considered in addition to the previous conditions. Xc is the only parameter that has to be determined by comparing the predicted data with the experimental ones.
In the acceleration range the velocity of the lower bubble is taken to be twice its normal velocity. This is in agreement with the data presented by Toei et al., 20) and is not far from the analysis given by Clift and Grace,2;3) especially when the elongation of the lower bubble is considered. In addition, the condition for coalescence, 0.75DBw means that the nose of the lower bubble moves a reasonable distance in the wake of the leading one before coalescence. On the other hand, when the upper bubble is fairly smaller than the lower one and the horizontal distance X is greater than its critical distance Xc, interaction and coalescence do not occur. Instead, the lower bubble rises faster and the relative movement of the upper will be downward, shown by the curved path in Fig. 2(c) as explained by Rowe.19) In the present simulation such relative movement is simplified by the path shownas the dashed line.
In the coalescence range, the lower bubble is assumed to be suddenly absorbed by the upper one. Unlike Horio et al.,12) the position of the composite bubble is that of the upper one just for simplicity. cases, 6%volume increase is assumed in thejet region in the present work. Werther21) deduced that rising bubbles effectively degas the dense phase and at higher bed levels, depending on the bed diameter, the gas content of the dense phase finally corresponds to that at Umf. Hence the percentage of volume increase P in Eq. (3) may be represented by Eq. (4):
where Fcompis the volumeof the composite bubble generated by the coalescence of the two bubbles 1 and 2. Kt is the leakage factor in thejet region and K is that at any level. and emulsion phases becomes unclear.
Application of the Simulator 2.1 Determination of horizontal critical distance Xc
The present computer simulation model was ap-488 plied to predict the spatiotemporal behavior of bubbles for the following two cases. The first is a previous study in our laboratory10* and the second is that of GOLFERs.6) To define Xc, comparison with the data of the first case has been made since it provides the spatial distribution of actual bubble sizes at different bed levels for various superficial gas velocities Uo.
In Fig. 3 the predicted bubble-diameter distribution densities for different values of Xc are compared to those observed experimentally at U0=SUmf and at Ld=0.5m for sand particles. When Xc is less than 0.75 DBu, the distribution gives smaller average bubble diameter than that of the experimental data. For Xc = 0.8DBu, most of the bubbles are large, giving a larger average bubble diameter. Meanwhile, the distribution for Xc=0.75 DBuis close to the experimental one. The same conclusion was also obtained for other cases.
The spatial distribution of two kinds of frequency, fB and/gc, for the cases given in Fig. 3 are shown in Fig.  4 . As defined in a pervious paper,10)/g is the frequency detected by each probe while fBc is the frequency detected by each probe for the bubbles whosecenters passed that probe. When Xc=0.75DBu, the distribution is in good agreement with that experimentally observed, which is also shown in Fig. 4 . However, the higher values predicted for fB and fBc at Xc smaller than 0.75 DBuare due to the presence of many small or medium-sized bubbles, while, when Xc becomes 0.8 DBui larger values offB were obtained since most of the bubbles are large and will be counted by many probes. Based on such figures, the criterion Xc-0.75 DBuis a reasonable assumption, especially when it is compared with the overlap region which results from the analysis ofClift and Grace.3) This criterion is used in all cases of the following applications.
Simulation of a laboratory-scale fluidized bed
Bed materials and fluidization conditions of the system are given in a previous paper.10) In all cases the simulation was allowed to proceed for a 12-s fluidization period. The data in the first 2 s were discarded to avoid the effect of startup. The rest was found to be a satisfactory period for obtaining reproducible behavior. Meanwhile, the sampling period of the observed data was 4.96s. giving rise to bubbles of larger diameters, which at higher levels rise around the bed axis. Also at higher gas velocities the predicted bubble diameters are in consistant agreement with the observed data. successfully. This is achieved by taking into account the initial leakage factor Kt and the changes in the leakage factor K with height above the distributor.
2) Alumina beads The spatiotemporal behavior of bubbles in a bed of alumina beads (Umf =2cm/s) was predicted at a superficial gas velocity Uo =5 Umfand compared to the observed behavior in Fig. 7 . At the lowest level, Ld=0.1m, the behavior of bubbles is such that there are many small bubbles and the frequency distribution is bimodal. These bubbles, due to coalescence, grow in size and rise around the bed axis at higher bed levels, giving rise to a monomodal distribution of the bubble frequency,fB. However, the frequency fBc was continually decreasing.
3) Glass beads The simulator was also applied to predict the behavior of bubbles in a bed of glass beads (C/m/ =2.5cm/s). Consistent agreement between the observed and the predicted data was obtained, as shown in Fig. 8 .
Simulation of a large-scale fluidized bed
GOLFERs6)had presented the spatiotemporal behavior of bubbles in a 1 mx1 m bed of sand particles (£/m/ =3.5 cm/s) at different superficial gas velocities.
The simulator was applied to this case as it was exactly applied to the laboratory-scale fluidized bed. The bubble height, DB/1.5, and the bubble frequency, which is analogous tofB, were predicted at the same positions at which the experimental observations were carried out. At each position for certain values of Uo and Ld, a range of bubble diameters, then heights, were obtained. Hence, the arithmetic average was taken to represent the bubble height at that position.
There was no significant difference between this average and the average obtained on volume basis.
A comparison between the predicted data and the observed data are given in Figs 
Simulation extension
Since both the bubble diameter and frequency distributions are simulated satisfactorily, this simulator was extended to predict the change of the the jet region at higher Uo which leads to smaller number of bubbles, for higher Uo, at the upper levels.
In Fig. 12 the change in the leakage factor K with height above the distributor is illustrated. The original values are represented by open keys at the corresponding jet heights. The predicted gas distribution between the emulsion and bubble phases changes with height above the distributor. The emulsion phase continues to yield up gas to the bubble phase until finally the gas content in the emulsion phase is that at minimumfluidization. This change proceeds faster at higher superficial gas velocities. This is in accordance with the observation reported for Ballotini 15
by Pyle et al.18) In this study, the leakage factor K indicating the ratio of interstitial gas velocity to that at Umf is obtained by the present model and the experimental data for the distributions of bubble diameter and frequency. However, the predicted values of K are so large that the effect of K should be included in the reactor models. So far, there are no reactor models for the fluidized bed in which this effect is taken into consideration. At the same time, to ascertain these values of K by some direct measurement is essential for understanding the behavior of fluidized beds.
Conclusion
A fairly simple computer simulation model for predicting spatiotemporal bubble behavior in freely bubbling three-dimensional fluidized beds was developed. Although particle movementwas not considered, the simulation satisfactorily predicted the bubble-behavior distribution for both laboratoryand large-scale beds, without need of sophisticated computation means and techniques. The simulation model was also applied to predict the change in the coalescence frequency as well as the distribution of the gas between the bubble and emulsion phases along the height above distributor. VOL 
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The present work was undertaken to investigate forced-convection mass transfer in creeping flow past square and triangular arrays of cylinders and to examine the approximate analytical solutions based on the free-surface model, 4'6'7) which is coveniently used for describing mass transfer and for the design of packed beds. with pitch / being the distance between the centers of two adjacent cylinders. The first arrangement is the square array whose cross section is a square grid, as shown in Fig. 1 . The second is the triangular array whose cross section is an equilateral triangular grid, as shown in Fig. 2 . The fluid flows to the right in Figs. 1 and 2 and the superficial velocity of the fluid is um. For creeping flow past periodic arrays, the flow pattern around the cylinder is symmetric about the Xaxis and periodic in the Z-direction. Therefore the fluid in a typical cell, which is ABCDEFin Figs. 1 
